Visual figures may be distinguished based on elementary motion or higher-order non-Fourier features, and flies track both [1] . The canonical elementary motion detector, a compact computation for Fourier motion direction and amplitude, can also encode higher-order signals provided elaborate preprocessing [2] [3] [4] . However, the way in which a fly tracks a moving figure containing both elementary and higher-order signals has not been investigated. Using a novel white noise approach, we demonstrate that (1) the composite response to an object containing both elementary motion (EM) and uncorrelated higher-order figure motion (FM) reflects the linear superposition of each component; (2) the EM-driven component is velocity-dependent, whereas the FM component is driven by retinal position; (3) retinotopic variation in EM and FM responses are different from one another; (4) the FM subsystem superimposes saccadic turns upon smooth pursuit; and (5) the two systems in combination are necessary and sufficient to predict the full range of figure tracking behaviors, including those that generate no EM cues at all [1] . This analysis requires an extension of the model that fly motion vision is based on simple elementary motion detectors [5] and provides a novel method to characterize the subsystems responsible for the pursuit of visual figures.
A visual figure may be generally defined as a closed region of the visual scene wherein the spatiotemporal distribution of luminance differs in some way from that of the surroundings. In many cases, this difference relates to elementary (firstorder, or Fourier) motion cues; for example, when motion parallax is induced as an animal traverses past a nearby object, a figure appears on the retina that moves faster than background, with the elementary motion (EM) of surface features matching the figure motion (FM) itself ( Figure 1A ). However, if the figure comprises a gap in a nearby surround, then the elementary motion of features within the gap is slower than that of the figure itself, because the surface features are more distant from the retina than the boundaries of the gap. Thus, for a fly in flight, the task of navigating through a gap requires not only a sensitivity to the motion of the distant visual scene, but also to movement of the gap itself as defined by its boundaries ( Figure 1A ). In fact, the neural circuits encoding the elementary motion of visual textures that lie within a figure (EM), and circuits encoding the motion of the figure itself (FM), may not sense the same amplitude or even the same direction of motion [6] , and yet such a moving figure can nevertheless be tracked by flying flies [7] .
It has long been known that flies readily track a figure composed of a dark vertical bar against a bright background by fixating the bar in the center of the visual field [8, 9] , in which figure position-distinguished from the background by a luminance difference-is precisely the time integral of the EM velocity generated by the moving edge ( Figure 1B ). Flies also track textured Fourier bars, in which surface motion similarly corresponds to figure motion [8] . However, flies also perceive and track figures containing EM that does not match or that contraposes FM, including figures containing no net EM energy at all or EM in which the figure and background are flickering with the same temporal statistics [1, 7] .
Here we sought to isolate flies' responses to EM from their responses to FM to test the hypothesis that they perceive each information stream independently. To decouple these components, we adapted a system identification technique and used two independent sequences of nonstationary white noise [10] to separately drive EM and FM cues with a single stimulus ( Figure 1C ). The stimulus consisted of a static random background within which we defined a virtual vertical window 30 wide and 120 tall. Within the window, we displayed a random pattern with the same spatial luminance statistics as the background. The windowed pattern was then translated horizontally by a series of velocity impulses set by a white noise sequence, m EM ( Figures 1C and 1D ). Simultaneously, we rotated the position of the window itself according to a series of velocity impulses set by a second white noise sequence, m FM ( Figure 1D ; see also Supplemental Information available online). From the perspective of the fly, this provided the visual illusion of a gap that was moving randomly in space, with the gap opening onto more distant texture that itself moved randomly in space. When both the window and the distant scene are held stationary, the position of the window cannot be detected because it is distinguishable from the ground by either the FM information generated by the moving window or by the EM information generated inside the window, but not by any static measure.
By using two independent sequences of white noise to modulate the velocity of each component, we ensured that the EM signals were explicitly uncorrelated to the motion of the window, or figure, itself. Our analysis of the response to this compound figure stimulus was carried out under an assumption of quasilinearity, including linear superposition of the EM and FM response components. To isolate the extent to which the fly simultaneously tracked the EM and FM components, we cross-correlated the steering effort of the fly in time (measured as the difference in wing beat amplitude, DWBA [11] ) to the two white noise sequences driving the stimulus, yielding two filters, or kernels, describing the following two (input)/(output) relationships: (FM information) / (steering) and (EM information) / (steering). These filters describe how visual input signals generated by EM or FM, respectively, affect the output flight optomotor response.
By presenting figure trajectories centered at each of 96 bins subtending the full visual azimuth, we measured how EM and FM temporal filters varied when the figure was presented in different parts of the visual field (Supplemental Experimental Procedures; Figure S1 ). We termed the resultant functions of space and time spatiotemporal action fields (STAFs) (Figure 2 ). STAFs show how perturbations in either the EM component or FM component of figure motion affect the steering optomotor response to track the figure. Each STAF represents the relative change in the steering response over time to either an impulse in figure velocity (EM-STAF; Figure 2A ) or a step in figure position (FM-STAF; Figure 2B ) delivered any place over the visual horizon or azimuth.
These STAFs reveal several striking features about the spatial and dynamical (temporal) features of the two systems.
First the EM-STAF shows a clear impulse-response shape, with a short onset delay, rapid integration time, and nearzero asymptote, consistent with response to the velocity of the EM. By contrast the FM-STAF has a step response shape with a slow onset delay and nonzero asymptote, consistent with a slower effort to track the position of the figure [8] ( Figures 2A and 2B , see individual kernels plotted along the right vertical axis). Second, the STAFs each vary across the visual azimuth and these spatial profiles are distinct from one another (Figure 2 , bottom). The EM tracking response is most active when the figure is present within the frontal field of view, diminishing in strength gradually with increasing displacement of the figure away from midline. This is consistent with the notion that EM sensitivity may contribute both to ego-motion-induced responses (e.g., to yaw or sideslip optic flow) that require broad inputs from the visual surround, as well as to figure tracking responses that involve motion discrimination in a localized portion of the visual field [12] . By contrast to the EM-STAF, the spatial profile of the FM-STAF resembles a classic ''center-surround'' function in that the peripheral response is inverted relative to the response at the midline ( Figure 2B, bottom) , and the spatial integral over the entire azimuth is near zero. This spatial structure indicates that an incremental change in figure position within the frontal field of view results in an increment in the steering effort toward the figure (positive gain), but an increment within the periphery results in a decrement in the steering effort (negative gain, although not necessarily a reversal in the steering direction). The notable spatial variation in the EM and FM-STAFs is generally consistent with previous observations that the fly's response to simple figures, in which EM and FM were inseparable, is spatially anisotropic [12, 13] , yet ours extend previous findings to explicitly demonstrate the separate spatiotemporal profiles of the two subsystems. This is the first quantitative demonstration of these two space-time separate visual processing streams by means of a single compound stimulus. on the retina. Both the figure and the background were illuminated with a random pattern of bright and dark vertical stripes at full contrast (dark pixels were OFF) subject to a spatial bandpass filter requiring most stripes to be between 2 and 4 pixels in width and with an enforced 50% average luminance/pixel. Coherent elementary motion of the random grating within the figure (indicated with red arrows) can be generated independently from the movement of the figure itself In addition to smooth or incremental variations in course to track salient figures, a flies generate large rapid turning movements, called body saccades, which reorient their gaze, and which in the flight simulator manifest as spikes in the DWBA signal [14] . We measured the spatial distribution, interval, and amplitude of saccades with respect to the azimuthal location of the figure, and found that the spatial variation of saccade generation is similar to that of the FM-tracking system, as parameterized by the FM-STAF. For a single fly, a moving figure introduced at the front of the arena triggers very few saccades, whereas a figure introduced in the visual periphery elicits a step response of DWBA, superimposed with a volley of saccades that tend to be oriented toward the figure (Figure 3A) . On average, although some occur irrespective of figure position, saccades occur most frequently, and are directed toward the figure, when it is positioned within the peripheral field of view ( Figure 3B ). For example, a figure positioned 90 to the right tends to elicit large-amplitude rightward saccades. Saccades are less frequent and smaller in amplitude when the figure is located near the visual midline ( Figure 3B ).
Two lines of evidence implicate the FM subsystem for the control of saccades. First, the saccade interval function is closely matched to the spatial profile of the FM-STAF (Figure 3C) indicating that saccade rate is proportional to the peripheral displacement of the figure rather than its motion per se. Second, saccade amplitude, plotted as a function of figure position, closely matches the spatial integral of the FM-STAF profile ( Figure 3D ) indicating that saccade amplitude is proportional to the activation strength of the FM-STAF. These results suggest that saccades are engaged by the FM subsystem to rapidly reorient the figure on visual midline, where the EM system can smoothly track it. This finding is remarkable because saccades are known to be evoked away from expanding or looming stimuli [14] . Saccades thus support a transition from peripheral figure acquisition to frontal fixation in a manner similar to primates, while also supporting object collision avoidance upon approach.
In the experiments described to this point, a figure was identifiable from the background by internal coherent motion that was, by design, uncorrelated to the motion of the figure window itself. To confirm that the FM system can also operate in the absence of any coherent motion, we presented a moving figure that was dynamically updated with a new random internal pattern at each time step, such that no net coherent motion was present in the stimulus in any direction. When the motion of such a figure is driven by a single white noise sequence, the spatial and temporal characteristics of the turning reactions and the derived STAFs are nearly identical to those of the FM-STAFs obtained from figures containing EM ( Figure S2B) . Furthermore, for a stimulus in which EM and FM of the figure covary (i.e., a Fourier figure, corresponding to a moving solid object), the resultant STAF is, to good approximation, simply the superposition (sum) of the FM-STAF and EM-STAF obtained from the original experiment using uncorrelated EM and FM (Figures S2C-S2F ). This result serves to confirm our assumption that the visual streams processing the EM and FM components of figure motion are superposed for the total control effort. Flies have been shown to follow a theta figure even when it is superimposed upon a flickering background such that the temporal statistics were matched everywhere in the visual scene [7] , demonstrating that a pure flicker detection mechanism cannot account for FM-tracking. Our results here confirm that FMtracking can persist in the absence of any motion signals sensible by a simple, unelaborated elementary motion detector (EMD).
Previous work in flies has examined the special case where the position of a visual object is held nearly stationary relative to the fly [13, 15] -representing the limit where EM = FM w 0. For a stationary figure composed of either a difference in luminance [15] or a flicker rate [13] presented at an angular displacement, c, from the visual midline evokes an average steering offset, D(c) [13] . One critical insight gained from this work was that a central characteristic of the figure-tracking or FM system is the ability to track not only the velocity of an object, but its peripheral displacement. In the language of control theory, a position-dependent figure tracking system needs to be sensitive to the zero frequency or DC component of the FM signal, which is the figure's position; if the figure were to move about the visual field and then stop at some angular displacement from the midline, we would expect the steering effort of the fly, after a settling time, to reach the ), such that positive gain reflects a syndirectional steering effort (i.e., if the pattern moves incrementally to the right, then the fly steers incrementally to the right) and a negative gain reflects an antidirectional steering effort (i.e., if the pattern moves incrementally to the right, then the fly steers incrementally less toward the right). See also Figure S1 . equilibrium steering effort described [13] . However, whereas the FM system's DC sensitivity is the intuitive explanation of why the FM kernel has a more step-response-like shape, it is not alone sufficient to describe how flies track objects. Figure 4A illustrates one particular example of this where for the first w700 ms of the response to a moving Fourier object, the EM tracking component (red) is actually larger than the FM-tracking component (blue). The relative strengths of these two responses vary with figure position as well as time. That the position accuracy of a visual figure tracking system is transiently affected by the motion of a contained texture and of the figure itself has been shown in humans [16] and now in insects as well. Thus, whereas several classical reports [13, 15] inspired the present study in that they pointed to a possible bifurcation in the visual processing stream, those studies focused on the equilibrium steering efforts elicited by static objects. By contrast, our experimental study, and the quasilinear, superposition model we propose, provide a dynamical description that can be used to predict fly responses to moving objects over behaviorally relevant timescales.
To demonstrate how they work, we convolved our filters with time-varying spatial stimuli to predict the fly's steering response and compared the simulations to flies' behavioral reactions to the same input signals. We first considered simple periodic stimuli in which the figure position and coherent motion inside the figure were either coupled with a relative gain of 1 (Fourier figure), or 21 (theta figure), each swept across the flight arena by a triangle wave ( Figure 4B ). For the Fourier figure stimulus, predictions based on the superposition of the two STAFs is sufficient to capture the mean fly response with high fidelity, tightly matching the flies' steering kinematics ( Figure 4C , Pearson's R = 0.97). We next examined whether both STAFs together are necessary to predict Fourier tracking by convolving the stimulus with each STAF separately; in neither case does a single STAF match the behavioral responses, or capture the fidelity of the combined STAFs (Figure 4D) . We performed the same analyses for the theta bar (Figures 4E-4G ; R = 0.89). These results confirm that two subsystems, one responsive to coherent motion (EM) and the other to higher-order properties (FM), superpose during active figure tracking, and that neither alone is sufficient to explain behavioral responses to these moving figures.
Next, we simulated behavioral responses to random figure motion, using a ''decoupled theta bar'' stimulus identical to that described in Figure 1 (Figure 4H ), except driven by novel white noise sequences. We presented the same stimulus trajectory to each fly in repeated trials to collect a mean response ( Figure 4I ) and compared the behavioral response to the predictions generated by the superposition of the two STAFs ( Figure 4I ) to those generated by each STAF independently ( Figure 4J ). The results corroborate the results of the periodic triangle wave experiments, indicating that the superposition of the two subsystems depicted by the FM and EM STAFs produce high fidelity predictions of in-flight figure tracking responses, even to broadband stimuli (Figures 4H-4J ; R = 0.91).
To emphasize that the spatial variation of the STAFs contributes significantly to the fidelity of figure tracking (or conversely that a single projection does not capture the behavior), we convolved the white noise sequence with EM and FM STAFs that were averaged over the spatial dimension (azimuth), thereby disregarding the spatial variation. At the start of the simulation, near visual midline, the averaged kernels yield fairly accurate predictions. However, as the figure drifts into the periphery, the prediction worsens ( Figure 4I (1/ sac. rate) . This function represents the amount of accumulated wing-beat difference to a figure as it is adiabatically displaced around the azimuth. For all panels, n = 18 flies, w20,000 saccades.
background [1] . However, although non-Fourier motion has been shown to subsume and suppress responses to Fourier motion [17] in primates, or to be inseparable from it [6] , in flies it appears that the joint effect can be well-modeled by a simple superposition of responses. The canonical EMD, a compact computation for Fourier motion, can be rendered responsive to higher-order motion signals provided elaborated preprocessing [2-4]-but it is at present unclear whether such a model can account for the results presented herein. Similarly, whereas the neuronal basis of the EMD in flies is being revealed in Drosophila, [18] [19] [20] [21] the neuronal basis of higherorder figure tracking is as yet unknown.
In summary, here we have employed a systems identification approach to map the spatiotemporal properties of visual feature tracking behavior. In doing so, we have effectively isolated canonical elementary motion tracking from the higherorder feature tracking (Figure 2) . Perceiving figures for which the EM and FM components may be either correlated or decorrelated enables complex navigational tasks, such as breaking visual camouflage, seeking landing sites or negotiating gaps.
In primates, such decomposition happens at the level of cortical processing [22] . In flies, the spatial receptive fields of specialized motion coding fly visual interneurons share spatial properties of the behavioral STAFs presented here [3, 12, 23] , but these circuits have as yet to demonstrate the physiological properties necessary to explain active FM tracking [4] . An important technical advance is the use of two dimensions of nonstationary white noise applied to a behaving fly. The quantitative representation of STAFs can be employed in a manner similar to spatiotemporal receptive fields (STRFs) [24] , to ''screen'' candidate neuronal networks both within the standard visual neuropile, and perhaps also noncanonical visual circuitry for the cell circuit implementation of the separate computational streams [25, 26] , both within Drosophila and other key model systems.
Experimental Procedures
Drosophila melanogaster (meigen) were derived from an isofemale wildcaught line reared continuously for over 10 years. We tested adult females between 3 and 5 days posteclosion. Flies were tethered under cold sedation (w3 C) to tungsten pins using ultraviolet cured epoxy. Subjects were selected for their ability to frontally fixate a vertical figure between experimental trials for the duration of the experiment.
Experiments were performed with a computer-controlled cylindrical flight arena composed of 96 3 32 light emitting diodes (LEDs), each display pixel subtending 3.75 on the retina. The arena extends from 260 to 60 in elevation and from 2165 to +165 along the azimuth, providing coverage of >80% of the solid angle composing the visual panorama [27] . For each trial, flies were presented with a stimulus that consisted of a vertical figure 30 in width and the full height of the arena. Both the figure and the background were illuminated with a random pattern of bright and dark vertical stripes at full contrast (dark pixels were OFF) subject to a spatial bandpass filter requiring most stripes to be between 2 and 4 pixels in width and with a enforced 50% average luminance/pixel.
Details of the stimulus presentation and analysis are contained in the Supplemental Information and summarized here. For each test period, we subjected the fly to three periods of a 127 element (7 th order) m-sequence, beginning with the bar located randomly at one of 24 positions spaced uniformly by 15 around the full visual azimuth. The visual scene was updated at a frame rate of 25 Hz, but the refresh rate of the LEDs is in the MHz range [27] , far exceeding the flicker fusion threshold for the fly. Thus, whereas the pattern only updated every 40 ms, each update was perceptually instantaneous. Each test trial was followed by a period of rest, during which the fly was provided closed-loop feedback control over a dark bar (15 width) on a bright background before entering another test period. Each test trial lasted 15.6 s, and the total experiment duration for each fly was w28 min. The motion of the figure and internal pattern were controlled independently with velocity impulses, i.e., single pixel steps at a regular rate, driven by two different m-sequences of order 7. The two sequences, m EM and m FM, were chosen to be nearly uniformly uncorrelated, meaning that the cross-correlation of the two was nearly zero. We termed this a decoupled theta bar stimulus ( Figure 1C ). The fact that the two sequences were highly uncorrelated meant that we could extract approximations to the EM and FM impulse responses by taking the cross-correlation of the steering effort, DWBA, with each of the respective m-sequences.
To improve the accuracy of the analysis, however, two different sets of random backgrounds and bar patterns were used in practice. For each set, the subjects flew two trials, one with (m FM , m EM ) and one with an inverted m EM sequence, (m FM , 2m EM ), at each of the azimuthal positions. For analysis, the cross-correlations of the m-sequences and responses for each pair of trials were added (for the FM response), or subtracted (for the EM response), which removed the residual effects of the small but finite cross-correlation between the m FM and m EM .
Once calculated, the impulse response for each stream was then added to its respective STAF (EM-STAF or FM-STAF) at the spatial location corresponding to the average position of the figure over the stimulus interval (Figure S1 ). ''Fourier bar'' and ''Dynamic Random bar'' data were collected using an analogous procedure ( Figure S2 ). In the case of the Fourier bar, m EM = m FM . In the case of the Dynamic Random bar, the internal pattern within the bar was updated to a new, random pattern at 25 Hz, as opposed to the presentation of coherent EM.
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